INTRODUCTION
Fast neutrons incident on germanium radiation detectors create radiation damage which causes charge-trapping and a corresponding degradation in detector energy resolution.1 The large number of parameters which affect the magnitude of degradation (e.g., neutron dose, detector bias, detector size, temperature of detector etc.) greatly complicates the study of neutron induced lattice defects in germanium detectors. For example, previous experiments have indicated that there may be considerable variability in the neutron damage resistance of high-purity germanium radiation detectors.2 At that time it was suggested that these differences may depend on an undetermined material parameter.
In this work, we present the neutron damage characteristics of seven high-purity germanium planar detectors as a function of various nonelectrically active impurities, electric field in the detector, detector thickness and time after irradiation with and without bias. We believe the results of this work will enable one to use highpurity germanium radiation detectors to study neutron induced radiation damage in a more quantitative way than previously possible.
EXPERIMENTAL TECHNIQUES
A total of seven planar, high-purity germanium detectors, 3 cm in diameter, were fabricated, each with a Li-diffused n+-contact and a 11B-implanted P -contact. These devices were selected to represent the widest possible range of material parameters available to us which still allowed a 5 mm detector to deplete at less than a few thousand volts. These detectors and their characteristics are described in There are a number of other problems associated with comparing the radiation damage characteristics of various detectors. One of the problems is that the RFWHM of a damaged detector changes as a function of the time bias is applied to the device. The direction of the change depends on the typeness of the germanium. RFWHM of p-type detectors increases with time while the RFWHM of n-type detectors decreases to an equilibrium value. An explanation of these transients has been put forward by Darken et a19 in which the change in resolution is shown to be consistent with the change in charge state of a deep acceptor. For purposes of comparison, the RFWHM of all p-type devices was measured directly after neutron irradiation and application of bias. As noted later, the sole n-type detector was compared with the p-type devices only after many hours with bias on. In that way the deep traps reached a charge state equivalent to that of a p-type device which had just been biased.
In an unbiased p-type device the deep acceptors are all neutral (i.e., no electron is captured). After depleting the device, the deep acceptors charge up slowly since electrons occasionally get sufficient thermal energy to jump from the top of the valence band into the acceptor level. The charged acceptors then become very effective hole traps, as evidenced by the degradation in RFWHM with time.
In an unbiased n-type device, the deep acceptors are negatively charged and slowly become neutral by thermal emission after depletion. Therefore, a radiation damaged n-type detector will show severe trapping immediately after application of bias but will improve toward an equilibrium state with time.
Since the establishment of the final charge state equilibrium depends on the availability of free charges in the depletion layer, the time to achieve the final equilibrium and the actual equilibrium charge state both also depend on the strength of the radiation source used for the spectral measurements. Therefore, the act of measuring the RFWHM influences the final value one gets--much as the uncertainty principle operates in quantum mechanical measurements. As a practical matter then, measurements of any radiation damaged device can only be meaningful when the changes of RFWHM with time and source are considered. To compare p and n-type devices one has to measure p-type detectors immediately after application of bias and n-type detectors after a 'sufficiently' long time with bias on.
RESULTS AND DISCUSSION Electric Field
In order to fairly compare the data from devices having widely varying depletion voltages, a measurement of detector resolution as a function of average electric field was taken for each device after the neutron irradiation. A typical result is shown in Fig. 1 . The RFWHM was found to reach a minimum at or above an average electric field of -1000 Vcm-1.
AVERAGE ELECTRIC FIELD (volts c-1) Fig. 1 RFWHM plotted as a function of average electric field for a typical device.
The resolution reaches a minimum at or above an electric field of 1000 Vcm-1.
Further improvement of RFWHM at higher fields (> 3000 Vcm-1) may be due to field-assisted detrapping.
This finding has been repeated in all devices tested and may be explained by the fact that the saturation velocity of electrons and holes is achieved at a field of -1000 Vcm-1.4,5 A carrier moving at the saturation velocity would spend the minimum possible time in a given detector volume and thus have the lowest probability of being trapped. One can therefore compare the effects of neutron radiation damage upon the resolution of various devices only if the electric field is -1000 Vcm-1 throughout the volume of the detectors. As seen in Fig. 1 , the resolution difference between depletion (200 Vcm-1) and high field (1000 Vcm-1) for detector 284-3.5 was more than a factor of two. This result strongly suggests that the wide variability in damage threshold observed in the earlier study by Kraner et a12 may have been due in large part to the diferWences in electric field among various detectors.
Material Parameters
Previous evidence has suggested that neither shallow electrically active impurities nor dislocations played any role in the neutron damage behavior of high-purity germanium detectors.8 Consequently, the present study was carried out using detectors selected to contain different amounts of non-electrically active impurities (H2,02,Si). These impurities are known to form complexes that are carrier trapping centers in high-purity germanium. Two examples are the divacancy-hydrogen center in dislocation free germanium6 and the silicon-oxygen defect which gives rise to so-called "smooth pits".7
As a comparison, "standard" devices were defined as those made from a crystal grown under the usual conditions of high-purity germanium production, i.e., a synthetic quartz crucible containing the concentration has been deduced from observations of electrically active impurity-hydrogen complexes.
Resolution Transients
As indicated earlier, the RFWHM of the n-type planar device was observed to improve with time.
This behavior is shown in Fig. 3 . We observed two regimes, a fast transient with a duration of -20 min and a much slower change lasting over a period of seven hours. Turning off the bias for 10 min.
caused the RFWHM to return to the value present after application of bias.
NEUTRON FLUX (cm-2) Fig. 2 . RFWHM plotted as a function of neutron flux for detectors with different material parameters (see Table 1 ). on. However, if the 60Co source is exposed to the detector for times greater than those needed for data accumulation (i.e., -10 min.) the RFWHM begins to improve. A 20 min. exposure was sufficient to change the RFWHM from 10 keV to 8 keV in one case. Leaving the 60Co source on for times of -60 min. reduces the RFWHM to a saturation value of -4.3 keV in this instance. As with the n-type device, removing the bias for a few minutes has the effect of returning the RFWHM to the value just after application of bias. TIME AFTER BIAS ON (MINS.) All irradiated devices were also tested before and after an overnight (-16 h) quiescent period. No detector showed any substantial changes except for the device doped with silicon (436-2.8). Overnight the RFWHM increased -40% from 3 keV to 4.2 keV. We speculate that new acceptor traps may have formed during this period from the movement or rearrangement of impurity-vacancy complexes.
Detector Thickness
Two adjacent devices were prepared from the same "standard" crystal (284), one 0.5 cm thick and one 1 cm thick. Each was irradiated and tested in the same fashion and the applied bias was such that the electric field was >. 1000 Vcm-1 in the whole detector volume. Figure 5 shows the results of this experiment. The thicker detector shows the effects of neutron damage earlier as one might expect. A carrier traveling a larger path length has a higher probability of being trapped. At a dose of 3 x 1010 neutrons cm-2 we compared the RFWHM of the two devices. After quadratically subtracting the baseline of 1.6 keV the thick device was -50%worse in resolution than the thin one. 
CONCLUSIONS
In order to correctly analyze and interpret the results of any neutron damage experiment involving high-purity germanium detectors a number of parameters and boundary conditions must be considered. One of the most fundamental of these is the electric field. Unless the carriers are at or near saturation velocity (i.e., fields > 1000 Vcm-1) results from different detectors will not be comparable. By comparing detectors made from germanium with different material parameters, we have established that none of the parameters tested give large differences (i.e., order of magnitude) in response to radiation damage.
At the most a 40% increase in the damage resistance was observed for two detectors--one grown in N2 and one grown in H2 and annealed. This result suggests that as hydrogen plays a role in modifying the electrical behavior of germanium as in other cases.6'10'11 It should be emphasized that other material parameters remain to be examined. Work on the effects of doping germanium with some group II elements suggests that the germanium may be made more "radiation hard".14,15 
